Introduction {#Sec1}
============

This paper describes a search for new physics using the signature of a hadronic jet and an imbalance in transverse energy resulting from undetected particles. We use the term "monojet" to describe events with this topology. Such events can be produced in new physics scenarios, including particle dark matter (DM) production, large extra dimensions, and unparticles. The data sample corresponds to an integrated luminosity of 19.7$\documentclass[12pt]{minimal}
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                \begin{document}$$\,\text {fb}^\text {-1}$$\end{document}$collected by the CMS experiment in proton--proton collisions provided by the CERN LHC at a centre-of-mass energy of 8$\documentclass[12pt]{minimal}
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Particle dark matter has been proposed to explain numerous astrophysical measurements, such as the rotation curves of galaxies and gravitational lensing \[[@CR1], [@CR2]\]. Popular models of particle dark matter hypothesize the existence of non-relativistic particles that interact weakly with the standard model (SM) particles. These are known as weakly interacting massive particles (WIMPs). Such models are consistent with the thermal relic abundance for dark matter \[[@CR3], [@CR4]\] if the WIMPs have weak-scale masses and if their interaction cross section with baryonic matter is of the order of electroweak cross sections. Some new physics scenarios postulated to explain the hierarchy problem also predict the existence of WIMPs \[[@CR5]\].

Since WIMPs are weakly interacting and neutral, they are not expected to produce any discernible signal in the LHC detectors. Like neutrinos, they remain undetected and their presence in an event must be inferred from an imbalance of the total momentum of all reconstructed particles in the plane transverse to the beam axis. The magnitude of such an imbalance is referred to as missing transverse energy, denoted by $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm {T}}^{\text {miss}}$$\end{document}$. The monojet signature can be used to search for the pair production of WIMPs in association with a jet from initial-state radiation (ISR), which is used to tag or trigger the event.

In this Letter, we investigate two scenarios for producing dark matter particles that have been extensively discussed \[[@CR6]--[@CR9]\]. In the first case, we assume that the mediator responsible for coupling of the SM and DM particles is heavier ($\documentclass[12pt]{minimal}
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                \begin{document}$$\text {TeV}$$\end{document}$) than the typical energy transfer at the LHC. We can thus assume the interaction to be a contact interaction and work within the framework of an effective field theory. In the second case, we consider the scenario in which the mediator is light enough to be produced at the LHC. Figure [1](#Fig1){ref-type="fig"} shows Feynman diagrams leading to the pair production of DM particles for the case of a contact interaction and the exchange of a mediator.

We study interactions that are vector, axial-vector, and scalar, as described in \[[@CR6], [@CR9]\], for a Dirac fermion DM particle ($\documentclass[12pt]{minimal}
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                \begin{document}$$\chi $$\end{document}$). The results are not expected to be greatly altered if the DM particle is a Majorana fermion, except that certain interactions are not allowed. Results from previous searches in the monojet channel have been used to set limits on the DM-nucleon scattering cross section as a function of the DM mass \[[@CR10]--[@CR12]\].Fig. 1Feynman diagrams for the pair production of DM particles for the case of a contact interaction (*left*) and the exchange of a mediator (*right*)

The Arkani-Hamed, Dimopoulos, and Dvali (ADD) model \[[@CR13]--[@CR17]\] of large extra dimensions mitigates the hierarchy problem \[[@CR18]\] by introducing a number $\documentclass[12pt]{minimal}
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                \begin{document}$$R$$\end{document}$. Gravity is free to propagate into the extra dimensions, while SM particles and interactions are confined to ordinary space--time. The strength of the gravitational force is thus diluted in $\documentclass[12pt]{minimal}
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                \begin{document}$$3+1$$\end{document}$ dimensional space--time, explaining its apparent weakness in comparison to the other fundamental forces. The fundamental Planck scale in $\documentclass[12pt]{minimal}
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                \begin{document}$${M_\mathrm {Pl}}^{2} = 8\pi {M_\mathrm {D}}^{(\delta +2)}R^{\delta }$$\end{document}$ \[[@CR16]\]. The increased phase space available in the extra dimensions is expected to enhance the production of gravitons, which are weakly interacting and escape undetected, their presence must therefore be inferred by detecting $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\mathrm {T}}^{\text {miss}}$$\end{document}$. When produced in association with a jet, this gives rise to the monojet signal. Previous searches for large extra dimensions in monophoton and monojet channels have yielded no evidence of new physics \[[@CR11], [@CR12], [@CR19]--[@CR25]\].

Unparticle models \[[@CR26]\] postulate the existence of a scale-invariant (conformal) sector, indicating new physics that cannot be described using particles. This conformal sector is connected to the SM at a high mass scale $\documentclass[12pt]{minimal}
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                \begin{document}$$\,{\mathrm{TeV}}\,$$\end{document}$, the effects of unparticles can be studied in the context of an effective field theory at the LHC. Previous searches for unparticles at CMS \[[@CR24]\] have yielded no evidence of new physics. Figure [2](#Fig2){ref-type="fig"} shows Feynman diagrams for some of the processes leading to the production of a graviton or unparticle in association with a jet.Fig. 2Feynman diagrams for the production of a graviton (*G*) or unparticles (*U*) in association with a jet

The CMS detector and event reconstruction {#Sec2}
=========================================

The CMS apparatus features a superconducting solenoid, 12.5$\documentclass[12pt]{minimal}
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                \begin{document}$$\text {\,T}$$\end{document}$. Within the field volume are a silicon pixel and strip tracker, a crystal electromagnetic calorimeter and a brass/scintillator hadron calorimeter. The momentum resolution for reconstructed tracks in the central region is about 1.5 % for non-isolated particles with transverse momenta ($\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |=3$$\end{document}$. The quartz/steel forward hadron calorimeters extend the calorimetry coverage up to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta |=5$$\end{document}$.

A system of gas-ionization muon detectors embedded in the steel flux-return yoke of the solenoid allows reconstruction and identification of muons in the $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.4$$\end{document}$ region. Events are recorded using a two-level trigger system. A more detailed description of the CMS detector and the trigger system can be found in \[[@CR27]\].

Offline, particle candidates are individually identified using a particle-flow reconstruction \[[@CR28], [@CR29]\]. This algorithm reconstructs each particle produced in a collision by combining information from the tracker, the calorimeters, and the muon system, and identifies them as either a charged hadron, neutral hadron, photon, muon, or electron. The candidate particles are then clustered into jets using the anti-$\documentclass[12pt]{minimal}
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Event selection {#Sec3}
===============

Events are collected using two triggers, the first of which has an $\documentclass[12pt]{minimal}
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Monte Carlo event generation {#Sec4}
============================
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {GeV}$$\end{document}$ on the partons, with no matching to [pythia]{.smallcaps}. Only initial states with gluons and the four lightest quarks are considered and a universal coupling is assumed to all the quarks. The renormalization and factorization scales are set to the sum of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{M^{2} + p_{\mathrm {T}} ^{2}}$$\end{document}$ for all produced particles, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M$$\end{document}$ is the mass of the particle. For the heavy mediator case, where an effective field theory is assumed, DM particles with masses $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M_\chi = 1$$\end{document}$, 10, 100, 200, 400, 700, and 1000$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {GeV}$$\end{document}$ are generated. For the case of a light mediator, the mediator mass, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M$$\end{document}$, is varied from 50$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {GeV}$$\end{document}$ all the way up to 10 $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,{\mathrm{TeV}}\,$$\end{document}$(to show the effect of the transition to heavy mediators) for DM particle masses of 50 and 500$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\,\text {GeV}$$\end{document}$. Three separate samples are generated for each value of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M$$\end{document}$, with the width, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Gamma $$\end{document}$, of the mediator set to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Gamma = M/3$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M/10$$\end{document}$, or $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M/8\pi $$\end{document}$, where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M/3$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$M/8\pi $$\end{document}$ are taken as the extremes of a wide-width and narrow-width mediator, respectively.

The events for the ADD and unparticle models are generated with [pythia]{.smallcaps} 8.130 \[[@CR41], [@CR42]\] using tune 4C \[[@CR43]\] and the CTEQ 6.6M \[[@CR40]\] PDFs. This model is an effective theory and holds only for energies well below $\documentclass[12pt]{minimal}
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The [MadGraph]{.smallcaps}  \[[@CR44], [@CR45]\] generator interfaced with [pythia]{.smallcaps} 6.4.26 and the CTEQ 6L1 PDFs is used to produce vector bosons in association with jets ($\documentclass[12pt]{minimal}
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Background estimate {#Sec5}
===================

After the full event selection, there are two dominant backgrounds: Z $\documentclass[12pt]{minimal}
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The observed number of events in the $\documentclass[12pt]{minimal}
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The detector acceptances for electrons, muons and tau leptons are obtained from simulation. The lepton selection efficiency is also obtained from simulation, but corrected for any difference between the efficiency measured in data and simulation \[[@CR53]\]. A systematic uncertainty of 50 % is assigned to the correction for contamination from background events taken from simulation.
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The QCD multijet background is estimated by correcting the prediction from simulation with a data/MC scale factor derived from a QCD-enriched region in data. The QCD-enriched region is selected by applying the signal selection but relaxing the requirement on the jet multiplicity and the angular separation between the first and second jet and instead requiring that the azimuth angle between the $\documentclass[12pt]{minimal}
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Fig. 4The model-independent observed and expected 95 % CL upper limits on the visible cross section times acceptance times efficiency ($\documentclass[12pt]{minimal}
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Interpretation {#Sec7}
==============

The observed limit on the cross section depends on the mass of the dark matter particle and the nature of its interaction with the SM particles. The limits on the effective contact interaction scale $\documentclass[12pt]{minimal}
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Given the high centre-of-mass energies that are being probed by the LHC, it is important to consider the possibility that the effective theory is not always valid. The validity of the effective theory has been discussed in \[[@CR7], [@CR9], [@CR62]--[@CR65]\]. It is pointed out in the literature that for theories to be perturbative the product of the couplings $\documentclass[12pt]{minimal}
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